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Abstract 
With the development of urban construction and building technology, more and more super tall buildings have been built. Due to 
its huge material and energy assumption, super tall buildings exert great impact on the environment. Embodied carbon is an 
important tool to measure the environmental impacts of super tall buildings, including the carbon emissions in the process of raw 
materials processing, structural member manufacturing and transportation. The embodied carbonof super tall buildings could be 
optimized by integrating the energy dissipation devices in the structural system. Viscoelastic coupling dampers(VCDs) is a kind 
of efficient energy dissipation devices. By replacing coupling beams in structural configurations, VCDs can effectively increase 
the level of inherent damping of structures, and thus reduce the wind-induced and earthquake-induced dynamic vibrations. Since 
the internal forces of structural members subject to lateral loads can also be reduced due to additional damping introduced by 
VCDs, optimization for the sectional dimension of structural components is made possible, accompanied by reductions to 
embodied carbon. Embodied carbon based integrated structural design method is introduced in this paper to minimize the 
embodied carbon of structures by integrating the VCDs. A super tall building located in high seismicity area is presented as an 
example to illustrate the proposed integrated optimal design method. The design case analysis results for a real super tall building 
project show that the proposed method is reasonable and can effectively reduce embodied carbon and total cost of super tall 
buildings. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
Keywords:embodied carbon;integrated optimal seismic design;super tall buildings;viscoelastic coupling dampers 
 
 
 
* Corresponding author. Tel.: +86.21.35375097; fax: +86.21.35375099. 
E-mail address: 22zx@tjadri.com 
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering and 
Construction 2015
224   Xin Zhao and Lang Qin /  Procedia Engineering  118 ( 2015 )  223 – 231 
1. Introduction 
“The scientific evidence is now overwhelming: climate changepresents very serious global risks, and it demands 
an urgent globalresponse”[1].Since the beginning of the Industrial Revolution (taken as the year 1750), the burning 
of fossil fuelsand extensive clearing of native forests has contributed to a 41.7% increase in the atmospheric 
concentration of carbon dioxide, from 280 to 396.8 parts per million (ppm) in 2014[2]. 
The construction industry is a substantialcontributor of global CO2 emissions, with almost a quarter of totalglobal 
CO2 emissions attributable to energy use in buildings [3].Symons and Symons (2009) [4] in UK found that structural 
engineers can control 57% embodied carbon of the total embodied carbon, which accounts for 5% of the whole 
carbon emissions across the UK. Reducing carbon emissions attributed to buildings is an important way to lower the 
impact of environmental issues such as climate change. 
The environmental impact of a construction material does not only depend on production materials mining, 
processing and manufacturing of components(including transportation) and construction, but also maintenance until 
the demolition and recycling of the building. The method of Life Cycle Assessment(LCA) is used for evaluation. 
Fig.1 shows the phases for a LCA of building products as suggested by the Athena Institute[5].  
 
 
Fig.1. Life Cycle of Building Products as suggested by the Athena Institute[5] 
The resource extraction, manufacturing, on-site construction, occupancy/maintenance, demolition and 
recycling/reuse/disposal produce many environmental impacts, including CO2 emissions. Compared with the 
generally more evident energy in use such as the burning of fossil fuels, these impacts are regarded as embodied. 
Watson(1979) [6] first proposed  the concept of embodied carbon , the CO2 emissions produced during the resources, 
transportation, manufacture, assembly, disassembly and end of life disposal of a product. There is a growing interest 
in estimating carbon embodied in buildings.By taking two 40-story residential buildings in Hong Kong as models 
for research, Chen (2001)[7] found that embodied carbon of steel and aluminium in Hong Kong buildings was more 
than concrete buildings, accounting for three-quarters of the total embodied carbon in residential buildings in Hong 
Kong. The Council on Tall Buildings and Urban Habitat (2009) found that embodied carbon of high-rise buildings is 
higher than that of low-rise buildings, but the growth trend is not obvious with the increase of the storeys.Zhao and 
Fang (2013)[8] studied the low carbon based structural design method of super tall buildings. In their study, an 
innovative new life cycle model is proposed for assess and optimizethe life cycle environmental cost of super tall 
buildings, in which the space distribution of thebuilding materials is considered besides the time dimension. Li and 
Chen (2013) [9] developed a new concept of life-cycle carbon efficiency and its relative methodology for estimating 
the life-cycle carbon efficiency of a residential building.The life-cycle carbon emission is estimated 
includingconstruction materials preparation, building construction, building operation, building demolition, 
andconstruction & demolition wastes disposal based on its consumedenergy and resources. 
The selection of materials and construction systems is of great importance, and much of the recent research focus 
on comparison of environmental impacts of building structures using different construction materials and structural 
systems. However, once the construction materials and structural system are determined, is there any chance of 
reducing embodied carbon of building structures? Passive energy dissipation system is aneffective, reliable and 
relatively inexpensive technique for mitigatingseismic risk.With designated supplementary energy 
dissipativedevices (EDDs) installed in a structure, a considerableportion of the input seismic energy can be 
dissipated and the damageto the parent structure is minimized.Besides, the structural components can then be 
optimized because of thesupplemental damping provided by EDDs. Viscoelastic coupling damper (VCD) is a kind 
of new damper, which replaces coupling beams in structural configurations, increasing the level of inherent damping 
of structures to control earthquake-induced dynamic vibrations.In this paper, VCDs are introduced to optimize 
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cross-sectional dimensions and reduce embodied carbon. 
2. Methodology 
2.1. Life cycle assessment framework 
The growing importance of environmental issues has created a need to evaluate the impacts of the products we 
used. One of the principle techniques to enable the quantification and comparison of the environmental impacts of a 
product is Life Cycle Assessment(LCA)[10]. According to International standards, ISO 14040[11], LCA is a 
framework for evaluating the environmental impacts of a product, process or service from cradle to grave. The LCA 
framework consists of four main phases[11]: 
x Goal, scope and definition 
x Life Cycle inventory analysis(LCI) 
x Life Cycle impact assessment(LCIA) 
x Interpretation 
2.2. Study boundaries 
The embodied carbon of a building material can be taken as the total carbon released over its life cycle. Ideally 
the boundaries would be set from the extraction of raw materials until the end of the products lifetime, known as 
‘Cradle-to-Grave’[12]. But there is often an absence of life cycle carbon emission data and CO2 emissions in 
construction stage accounts for a considerableportion of life cycle carbon emission. The Architecture 2030 Material 
Challenge (EIA, 2011) found that for traditional residential construction in the United State, it takes approximately 
15 years of building operations before the operational carbon of energy surpasses the embodied carbon to construct. 
It has become common practice to specify the embodied carbon as ‘Cradle-to-Gate’, which includes carbon released 
from the extraction of raw materials until the product leaves the factory gate(including transport from factory gate to 
construction site).The study presented in this paper uses an LCA framework as a tool to conduct a partial LCA, from 
cradle to gate. Fig.2 shows a simplified lifecycle process flow chart showing production boundary for the study.  
Extraction of raw materials or
recycled materials
Transportation
Manufacture of components
and products
Transportation to site
Construction
Occupation
Maintenance and renovation
Deconstruction
Removal from site(transport)
Disposal/recycling
PRODUCTION
USE
END OF LIFE
 
Fig.2. a simplified lifecycle process flow chart showing production boundary for the study 
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The study scope includes the ‘Cradle-to-Gate’ emissions from: 
x materials and products used in construction 
x final transport of the materials and products to site 
The infrastruction required in production, such as roads, factories, warehouses and machinery, the operational 
activities associated with administration and the workforce themselves(including their transport to site), and the 
material waste when manufacturing products are outside the boundaries of the study and are excluded. 
2.3. Calculation method of embodied carbon 
In this study, embodied carbon in the boundary of ‘Cradle-to-Gate’ is calculated based onInventory of Carbon 
&Energy (ICE)database,and recycling material is considered, especially for metals. Embodied carbon in reuse and 
recycling stage is calculated using 50:50 method of ICE database which allocates the recycling benefits to the 
material production stage. Theembodied carbonof commonly usedbuilding material can be expressed by the 
following equations: 
(1) Concrete 
con con conC M W u                                                                                                                                         (1) 
Where Ccon is the embodied carbon of concrete (tCO2); Mcon is the embodied carbon of concreteper ton 
(tCO2/t);Wcon is the weight of concrete (t). 
(2) Rebar 
bar bar barC M W u                                                                                                                                         (2) 
Where Cbar is the embodied carbon of rebar (tCO2); Mbar is the embodied carbon of rebar per ton (tCO2/t);Wbar is 
the weight of rebar(t). 
(3) Sectional steel 
steel steel steelC M W u                                                                                                                                      (3) 
Where Csteel is the embodied carbon of sectional steel (tCO2); Msteel is the embodied carbon of sectional steelper 
ton (tCO2/t);Wsteel is the weight of sectional steel (t). 
(4) Profiled sheet 
sheet sheet sheetC M W u                                                                                                                                     (4) 
Where Csheet is the embodied carbon of profiled sheet (tCO2); Msheet is the embodied carbon of Profiled sheet per 
ton (tCO2/t);Wsheet is the weight of Profiled sheet (t). 
2.4. Environmental cost and economic cost 
The relationship between economic and environmental costs can be reflected through the concept of the emission 
reduction cost. Emission reduction costis extra cost in order to reduce the unit emission, which is a key factor 
affecting greenhouse gas emission reduction activity. The total cost TC in a building structure life cycle (in dollars) 
is given by: 
c fTC AC u C   E                                                                                                                                   (5) 
Where cu is emission reduction cost in a building structure life cycle(dollar/tCO2), fC is total carbon emission in a 
building structure life cycle, E is the conversion factor of carbon and carbon dioxide,ACis cost of the entity of 
building structure, and c fu C E  is carbon emission cost in a building structure life cycle(in dollars). 
The emission reduction cost is higher in the developed countries than in developing countries. So developed 
countries actively seek cooperation projects in the developing countries, leading to the formation of the international 
carbon trading marketon whichpeople can get the price of the real time price information. Emission reduction cost of 
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China in 2010 under different cost modelsare shown in Table 1[13] [14]. In this paper, emission reduction cost is set 
equal to 60 dollar/tC, the average of emission reduction costs when the rate of emission reduction is 30%. 
 
Table1 Emission reduction cost of China in 2010 under different emission reduction cost models[13][14] 
Model Rate of emission reduction Emission reduction cost(dollar/tC) 
GLOBAL 2100 20%(30%) 84 (167) 
GREEN 20%(30%) 14(15) 
Zhang’s CGE model 20%(30%) 23(45) 
China  MARKAL-MACRO 20%(30%) 59(75) 
EPPA 20%(30%) 10(18) 
GTEM 20%(30%) 18(30) 
2.5. Viscoelastic coupling damper(VCD) 
The VCD was developed at the University of Toronto to mitigate both wind and earthquake vibrations efficiently.  
In frame-core wall structures, the coupling of RC walls achieved through RC beams increase the stiffness and 
strength of the lateral load-resisting system. When buildings deflect because of applied lateral wind load or 
earthquake action, the wall bend about their neutral axis causing large shear forces and deformations in the coupling 
beams. By replacing part of RC coupling beams, VCDs are introduced to take advantage of these large deformations. 
The VCDs utilize multiple layers of VE material sandwiched between and bonded to multiple steel plates(Fig.3)[15]. 
When the building deforms because of lateral loads, the VE material deforms primarily in shear (Fig.4), providing 
supplemental viscous damping to the system. 
3. Integrated optimal seismic design procedure 
The procedure of embodied carbon based integrated optimal seismic design with VCDs can be decomposed into 
three phases.  
3.1. Damping analysis 
In the first phase,an initial design of a super tall buildingwithout energy dissipativedevices (EDDs) installedhas 
been determined. Suppose the dimensions and number of VCDs have been decided, then the optimal locations can 
be obtained considering the influence of VCDs on both structural stiffness and energy dissipated. Based on the 
obtained optimal locations, the supplemental damping for VCD scheme can be further analyzed. The additional 
damping ratio contributed by VCDs is calculated by dynamic time history method using earthquake record as input. 
The syntheticwave transformed from design spectrum is employed as the input of the dynamic time history analysis 
to reflect the random phenomena of potential earthquakes in certain project site. 
3.2. Integrated structural optimization 
Using the supplementary damping obtained in section 3.1, the main structure can be optimized for VCD 
scheme.The optimized structure should satisfy the limitation of global design criteria, such as the story drift and 
vibration period. Besides, the strength and deflection of structural members should be examined. 
3.3. Comparison of embodied carbon between two schemes 
Finally, the additional embodied carbon due to dampers themselves and embodied carbon reduced by optimizing 
cross-section sizes of structural members are analyzed to compare embodied carbon between two schemes. The 
boundaries and calculation of embodied carbon are indicated in section 2.2 and section 2.3 respectively. 
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Fig.3. viscoelastic coupling damper[15]  Fig.4.deformation of VE material layers [15] 
4. Case study 
A68-story, 300-meter frame-core wall structure is presented to illustrate the integrated optimal seismic design 
procedure.The model and the layout plan of the structure are shown in Fig.5.According to Chinese standard, the 
design characteristic period is 0.55s and the fortification intensity is 7 degree. The basic acceleration is 0.15g and 
Site class is III. The frame beams are made by sectional steel while the columns in the case are designed as SRC 
columns. The cross section and dimension for column are shown as Fig.6 and Table 2.Column braces are set on F1-
F58 and belt-trussesareplaced on the F11-F12, F26-F27,F41-F42,and F57-F58. The damping ratio in the frequent 
earthquake is set to 4% and 5% for the moderate and rare earthquake.Because earthquake governing load 
combinations act as the controlling onesamongst all kinds ofload combinations for this example, only structural 
responses under earthquake governing load combinations are consideredin this study. 
The VCDs are designed to replace the RC coupling beams. The stiffness and damping coefficientsof the VCDs in 
shear are 162.4 /VCDk kN mm and 134.1 /VCDc kNs mm . The damper were designed to be installed in both 
coupling beams in story 17 through 21 for a total of 120. The syntheticwavesfor frequent earthquake and moderate 
earthquake transformed from design spectrumare employed to perform the dynamic time history analysis, as shown 
in Fig.7.The added equivalent damping ratio is calculated to be 2.47%fre[  for frequent earthquake and 
mod 2.40%[  for moderate earthquake. That is to say, the structural damping ratio can reach 6.47% in the 
frequent earthquake and 7.40% in the moderate earthquake. 
a b c
 
Fig.5. (a) 3D view; (b) elevation view; (c) layout planFig.6.Cross section of composite column 
Table 2 columns schedule 
Corner Column Side Column 
Storey Diameter Steel Section Diameter Steel Section 
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1-11 2400 1800x700x60x60 2400 1500x400x50x50 
12-27 2000 1400x700x60x60 2000 1200x400x50x50 
28-58 1600 1000x600x60x60 1600 800x400x50x50 
59-68 1200 600x400x50x50 1200 600x400x50x50 
 
a b
Fig.7. (a) syntheticwaves for frequent earthquake; (b) syntheticwaves for moderate earthquake 
Because unit embodied carbon of steel is higher than that of concrete,  the steel in SRC columns, column braces 
and belt trusses are selected to be optimized considering the additional damping introduced by VCDs. The optimal 
cross-sectionaldimensions are listed in Table 3. The unit embodied carbon and price of main structural materials 
arelisted in Table 4.Based on the details of VCDs, the changes in embodied carbon in the entire optimal design 
process are obtained using Eqs.1-4 (embodied carbon in viscoelastic material of VCDs is neglected). As we can see 
in Table 5, removing the coupling beams can causea reduction in embodied carbon which offset some of the rise 
contributed by VCDs, so integrating VCDs in the initial structurecauses a total of 555.18t increase in embodied 
carbon. By integrated optimal design, 1492.92 tons of steel is saved, which means embodied carbon reduces sharply 
by 3060.48tso the total embodied carbon reduced in the entire optimal design processis 2505.30t. Economic and 
environmental costs reduced by integrated optimal design are listed in Table 6. It can be observed that integrated 
optimal design method is not only efficient to lower the impact of environmental issues, but also can reduce the total 
cost in a building structure life cycle.  
 
Table 3optimal cross-sectional dimensions 
 Storey 
Original section 
f
(H B T T )
w
u u u  
Optimalsection 
f
(H B T T )
w
u u u  
Corner column 
1-11 1800x700x60x60 1800x700x60x60
12-27 1400x700x60x60 1400x650x60x60
28-58 1000x600x60x60 1000x500x60x60
59-68 600x400x50x50 500x300x40x40
Side Column 
1-11 1500x400x50x50 1500x300x50x50
12-27 1200x400x50x50 1200x300x50x50
28-58 800x400x50x50 800x300x50x50
59-68 600x400x50x50 500x300x40x40
Column Brace 2-10ˈ13-14 600x600x60x60 500x500x50x50
15-25ˈ28-29 600x600x50x50 600x600x50x50
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30-40ˈ43-44 600x600x50x50 600x600x50x50
45-56 600x600x40x40 500x500x30x30
Belt truss 
11-12 600x600x60x60 600x600x60x60
26-27 600x600x60x60 600x600x60x60
41-42 600x600x50x50 600x600x50x50
57-58 600x600x40x40 500x500x40x40
 
Table 4Unit embodied carbon and price of main structural materials 
Material Unit price (dollar/t) 
Unit EC 
(t CO2/t) 
Appendix 
Concrete 80 0.16 (Concrete grade C60, 1:1.5:3 cement:sand:aggregate) 
Steel 1610 2.05 Q345,Recycling rate 38% 
Rebar 800 1.88 HRB400,Recycling rate38% 
 
Table 5Changesinembodied carbon  
Number of 
VCDs 
EC of VCDs 
(t CO2) 
EC of coupling 
beams removed 
(t CO2) 
EC increased by 
setting VCDs  
(t CO2) 
EC reduced by integrated 
optimal design (t CO2) 
Total EC 
reduced 
(t CO2) 
120 643.79 88.61 555.18 3060.48 2505.30 
 
Table 6Changesineconomic and environmental costs 
Cost of 
VCDs 
(104 dollar) 
Cost reduced by 
removing coupling 
beams (104 dollar) 
Cost reduced by 
integrated optimal 
design (104 dollar) 
Total economic 
cost reduced 
(104 dollar) 
Carbon emission 
cost reduced 
(104 dollar) 
TC reduced 
(104 dollar) 
193.55 4.47 240.79 51.71 4.06 55.77 
 
5. Conclusions 
The growing importance of environmental issues has created a need to reduce the impacts of the building 
products we used. Based on the embodied carbon index, the life cycle assessment method is used to optimize 
embodied carbonof super tall buildings and the conclusion that integrated optimal design method is efficient to 
lower the impact of environmental issues such as climate change is reached. However, this paper does not consider 
the embodied carbon during construction stage and operation stage, because the embodied carbon of production 
stage is mostly important for structural design and there is often an absence of carbon emission data in construction 
and operation stages.It is also believed that this integrated optimal design methodology is a tool we can use for 
making decisions, and provides a good basis for more application about embodied carbon. 
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